Abstract. When meteor-generated plasma trails diffuse into the ionosphere they create large ambipolar electric fields mainly perpendicular to the Earth's geomagnetic field (B) and extending many kilometers from the trail along B. These fields will cause ionospheric plasma to collect into ridges extending from the trail along B, enhancing the density by as much as a factor of 2, and they will also remove up to 90% of the plasma on each side of the ridge. We predict that meteor-induced density perturbations may fill as much as 20% of the ionosphere between 95 and 120 km altitude. This paper presents simulations and theory to show how meteors produce plasma ridges and troughs. We estimate the extent of these as a function of altitude and meteor density. This process may explain observations of extensive nighttime E-region density structures made by rockets and radars.
Introduction
Tens of millions of detectable meteors strike the Earth's upper atmosphere each second, creating plasma trails in the lower E and upper D regions of the ionosphere. These persist for minutes before dissipating into the background ionosphere [Ceplecha et al., 1998; Dyrud et al., 2004; Janches and Chau, 2005] . As the trail diffuses across the Earth's geomagnetic field (B), it creates large electric fields through the complex interplay between the highly mobile magnetized electrons and the heavier collisionally demagnetized ions. These fields point mostly perpendicular to B and extend far from the trail along it. In two recent papers [Dimant and Oppenheim, 2006a , b], we described the underlying physics of these fields and the resulting diffusive processes. We also presented a predictive analytical model of these processes and simulations to validate them. In this paper, we describe an important consequence of meteor trail evolution, the production of large plasma density irregularities we call "ridges and troughs" spanning many square kilometers. Given the large number of meteors striking the Earth each day and the extent and persistence of their plasma structures, we argue that meteors may be responsible for the small-scale structuring of the nighttime E-region plasma [Wakabayashi et al., 2005; Prakash et al., 1970; Gupta et al., 2003] , particularly post-midnight.
Descriptions of meteor produced fields and diffusion have developed slowly but steadily for many decades though most of these efforts had some fundamental simplifications, limiting their applicability to realistic meteor trails [Jones, 1991; Rozhansky and Tsendin, 2001; Dyrud et al., 2001] . In Dimant and Oppenheim [2006a, b] , we further developed a theory of meteor trail diffusion and fields by filling the gap between the approaches that consider trails as small disturbances to the background ionospheric plasma and those considering dense trails with no background plasma. These papers describe 2D simulations and analytic theory that include the effects of the background plasma for arbitrarily dense trails. They show that the background plasma plays an essential role in meteor diffusion and electric field structure even if it is many orders of magnitude less dense than the meteor trail. In particular, the background plasma limits the near-trail ambipolar electric field, which otherwise would infinitely grow with distance from the trail. This paper argues that electric fields associated with meteor trails create plasma structures that extend far beyond the meteor plasmas, and that these structures cause substantial small-scale irregularities in the E-region ionosphere. This type of structuring has been noted in rocket measurement of nighttime densities though it has never before been attributed to meteors.
Rockets that have measured small-scale variations in nighttime E-region density generally observe structuring at both large and small scales [Wakabayashi et al., 2005; Prakash et al., 1970] . The large-scale structuring cannot result from ridge/trough-related phenomena, but the small-scale structuring could. In particular, Gupta et al. [2003] present rocket data showing small-scale structuring during the 1999 Leonid storm. They argue that the structures cannot arise from the gradient-drift instability because the gradient was too weak and therefore may arise from meteors. It seems clear that these rockets did not go through the meteors themselves, but it may have gone through a ridge/trough system which became unstable to secondary gradient-drift waves. We suspect this rocket was measuring the same waves responsible for non-specular radar echoes which exist nightly. An intense shower such as the 1999 Leonid storm will create many large ridge/trough systems.
High-gain radars usually observe non-specular trails associated with a specific head echoes but sometimes one sees trails independent of a head echo as shown in Fig. 1 . We suspect that the radar may respond to meter-scale size instabilities in the ridge/trough system but that the ridge/trough irregularities by themselves typically do not have sufficient spectral content at radar wavelengths to cause appreciable scattering.
Theory and Simulations
Understanding ridge and trough formation requires a model of meteor trail induced electric fields. We outline the assumptions necessary to calculate these fields and leave the details to Dimant and Oppenheim [2006a, b] . This model derives the plasma density and electric field structure for the simplest case: a high-density plasma trail that is uniform along its length, isothermal, in an invariant background atmosphere with no external electric fields or winds, and not subject to instabilities and recombination (see Fig. 2 ). The diffusion of such a trail is governed by E-region plasma diffusion equations where one assumes inertialess unmagnetized ions and magnetized electrons which obey quasineutrality:
(
Here n is the density; D ≡ (T e + T i )/m i ν in is the ambipolar diffusion rate; φ res is a normalized "residual potential" which combines the electric potential and electron pressure into one term,
(note:
is an E-region dimensionless parameter depending only on altitude; Q ≡ ψ cos 2 θ + sin 2 θ/Θ 2 0 is another parameter which varies also with the angle between B and the trail axis, θ;
1/2 ≃ 1.35 × 10 −2 ; n 0 is the background plasma density; m e,i , T e,i , and Ω e,i are the masses, temperatures (in energy units), and gyrofrequencies of electrons and ions respectively, and ν en , ν in are the rates of collisions between charged particles and neutrals. We solve for φ res because the net force on the electrons is (T e +T i )∇φ res .
The meteoroid creates a plasma, many orders of magnitude denser than the background plasma, but in a small volume which initially spans only a few mean-free-path lengths. If the trail is parallel to B, then electron diffusion is governed by a slow cross-field ambipolar diffusion. However, if the trail axis is oriented at least a few degrees off parallel, then the high mobility of electrons parallel to B enables Geometry of the trail and magnetic field. The trail is aligned alongẑ and is assumed to be homogeneous, so that all dynamics occur in the (x,ŷ) plane. both meteor and background electrons to travel large distances along B. The resulting currents can have appreciable amplitudes at a distance thousands of times the size of the meteor trail in the direction along B. This inhomogeneity makes the problem of meteor fields and diffusion difficult. Nevertheless, we have developed both an approximate analytical theory, and simulations which validate the analytical solution. They extend our ability to study this system in more complex situations.
In order to solve this highly inhomogeneous system numerically, we applied a finite-element PDE solver FlexPDE [2006] . This solver uses an adaptive triangular mesh which places many elements in regions with large gradients. There are three parameters in Eq. (1), D, ψ, and Q, which depend on T e,i , θ, and the altitude. Our simulations showed that if θ is greater than several degrees, then trail diffusion and ridge-trough formation are similar to those in the θ = 90
• case, when Q = Θ −2 0 ≈ 5500. For simplicity, we discuss only this case, though we have performed many dozen longduration simulations, exploring a wide range of parameters.
As an example, we examine a run with ψ = 0.05 (∼107km altitude at the equator), a trail line density of N lin = 10 14 m −1 and an initial maximum trail density of n (0) peak = 10 4 n 0 . This simulation extends to more than 5km along B (ŷ) and 100m perpendicular to it (x), though the meteor plasma only extends about 70 meters even after 10 seconds of diffusion. We have varied the distance and type of boundary conditions to insure that these do not impact the results substantially.
The combination of meteor and background plasma generates a typical residual potential shown in Fig. 3 . The field associated with this potential is zero at the center of the meteor as required by symmetry, points inward as one moves into the region of steep density gradients, and goes to zero and reverses direction just outside the bulk of the meteor plasma before gradually dropping to zero at x → ±∞. The large inward pointing field is similar to the expected ambipolar field without a background plasma. The reversed field just outside the trail results from the currents in the background plasma responding to both the parallel and perpendicular fields. These flow into a broad region outside the trail but cannot readily flow to the meteor to neutralize the fields because of electron magnetization. Both the central field and the reversed field map along B with very gradual attenuation alongŷ.
Away from the meteor, the E fields transport background plasma as shown in Fig. 3 . The central fields push plasma toward the center, while the reversed fields push plasma away. Combined, these fields create an extended ridge and trough system. Presuming a meteor is relatively uniform along its length, in 3D it will appear as two symmetric "wings" along Figure 4 . Evolution of the ridge plasma density (at x = 0) from the instant of meteor creation until it has diffused into the background density. The scale on the right gives n(x = 0, t)/n 0 .
B attached to the cylinder-like meteor trail (which parallelŝ z). Each wing has a layered structure in the direction perpendicular to B where two depletions ("troughs") surround the compression ("ridge").
Ridges and troughs take a finite time to form and will then persist for an extended period. Fig. 4 shows the time history of the plasma density along the magnetic field line which connects to the center of the trail (x = 0) from our example (ψ = 0.05) simulation. From this we see that the ridge density doubles the background density out to 700m at about 0.5s, while a 50% density enhancement reaches out to 1.5km after 2 seconds. If this meteor had a ten times greater line density, N lin = 10 15 m −1 , then these sizes would extend √ 10 times further but take 10 times as long to develop and diffuse away.
To estimate the amplitude, structure, and duration of the ridge-trough system, we use insights from simulations and the results of our analytic theory developed in Dimant and Oppenheim [2006a, b] . According to these, in the course of trail diffusion, its density maintains a nearly Gaussian shape in each direction,
where
The time-varying parameter ρ(t) accounts for the timedependent and anisotropic diffusion rates. It relates to time t as γt = ρ+ln[1+ρ(1+ψ)/ψ]/(1+ψ) and can be explicitly These images focus on a small part of the total simulation. The potential causes the ridge density to exceed twice the background density and the trough depletion reaches below 80% of n 0 . Note that the potential minimum and the peak of the ridge lie alonĝ
expressed in terms of the Lambert W-function, W (x),
If the combined density of the trail and background is specified, then Eq. (1b) determines the residual potential, φ res , which can be expressed in terms of ρ(t). In a region adjacent to the meteor and thex-axis, the potential changes only slowly with y, φ res (x, y, t) ≈ φ 0 res (x, t). The "nearzone" residual potential, φ 0 res , has different approximate analytic forms depending on the value of ρ(t). In the early stage when ρ(t) ≈ ψγt/(1 + ψ) ≪ 1, φ res reaches its peak and creates the largest ridge-trough amplitudes. In the later diffusion stage, ρ(t) ∼ 1, when the form of φ 0 res is more complicated, the potential drops in amplitude but still creates disturbances up to a few times ten percent. In the very late stage, when trail diffusion becomes nearly isotropic and ρ(t) ≃ γt ≫ 1, both φ 0 res and disturbances become small. At this point, the total amount of background plasma displaced from the troughs to the ridges reaches its maximum.
We can estimate the amount of background plasma displaced during the formation of ridges and troughs and their extent along B. To do this we apply a remarkable property of the plasma density when integrated along or perpendicular to B [see E-print (www.arXiv.org) paper 0512103, Appendix F] . While the densities evolve in a complex manner, the integrated densities along B and perpendicular to B can be described by the simple analytic relationships:
(6b) where ∆n is the total plasma density disturbance which includes both the plasma trail and the off-trail ridges and troughs. These integrated quantities evolve as if the trail density followed the no-background solution (NBS), even though the background plasma is important. While the local density deviates dramatically from the NBS density, this deviation is balanced by disturbances in the background plasma.
We can use Eq. (6b) to estimate the total amount of background plasma displaced from the troughs to the ridge by subtracting the amount of plasma in the trail from the amount in the ridge and trough. Denoting ∆N 
The boundary between the ridge and troughs lies along the n = n 0 line. According to the simulations, this boundary is roughly parallel to B but moves outward slowly. Bearing this in mind, we define the boundary as a line at x = ±x b (t), where ∆N RT y (x b , t) = 0. Finding this point from Eq. (7) gives
(8) Integrating Eq. (7) between ±x b , we obtain the total plasma (per unit length along the trail) collected in the ridges,
where 'erf' denotes error-function. Fig. 5 shows the evolution of N R /N lin for several values of ψ, where ψ decreases with increasing altitude. In the initial stage, ρ ≈ γtψ/(1 + ψ) ≪ 1, the background plasma density disturbances are the biggest, but the ratio N R (t)/N lin ≈ 0.12γt/(1+ψ) is small. In the late stage, ρ ≃ γt ≫ 1, N R (t)/N lin → k max , where k max (ψ) < 1 increases with decreasing ψ. In this stage, the ridges and troughs are small in magnitude but, due to their vast extent, the total collected plasma in the ridges becomes comparable to the meteor trail line density and k max (ψ) approaches unity as ψ → 0.
Discussion
As long as a trail is not aligned within a few degrees of B, it will produce a substantial electric field perpendicular to B, E ⊥ , which will extend large distances along B. This field will create a ridge and trough structure in the background plasma. The strength of E ⊥ depends on the trail angle and peak density, n peak , relative to the background density, n 0 , and the altitude. At night, the background plasma density is typically two orders of magnitude smaller than the daytime density, making nighttime ridge-trough systems much more pronounced.
At high altitudes (> 110 km), one expects the highest amplitude fields because of the large difference between electron and ion cross-field mobilities. At these high altitudes, the high mobilities will cause the ridge/trough system to develop and dissipate more rapidly than lower down. As one goes up in the E-region the mean-free-path becomes larger and we expect the trail and ridge/trough system to span a greater volume. According to Eq. 9, we expect the total plasma accumulated in the ridge to approach the total plasma in the meteor as shown in Fig. 4 -an astonishing level of redistribution. However, at high altitudes plasma deposition by meteoroids is less than at lower altitudes, reducing n peak /n 0 . As the meteor descends, the increasing plasma-neutral collision rates cause the electron cross-field mobility, µ e⊥ , to approach the ion mobility, µ i , until they become equal, ψ = 1, at ∼ 97 km near the magnetic equator and at ∼ 93 km at high latitudes. Even below this point, where µ e⊥ becomes greater than µ i , the potential retains the basic structure depicted in Fig. 3 because the electron parallel mobility continues to exceed the ion mobility. In this region, trail electrons push away from the meteor while the less mobile ions cannot follow, setting up an E . Quasineutrality is maintained through two mechanisms: E slows the escaping electrons and ions flow in from the background plasma across B. This ion flow generates an E ⊥ which extends long distances along B. In this case, the field amplitude will generally be smaller than at higher altitudes, creating smaller ridge/trough systems.
High-power, large-aperture radars observe non-specular trails associated with a substantial fraction for meteor head echoes [Chapin and Kudeki, 1994] . We have argued that these result from instabilities driven by the plasma gradient and meteor generated electric fields which we now ar-gue also create ridges and troughs [Oppenheim et al., 2003; Dyrud et al., 2002] . We expect instability growth and ridge/trough formation to occur at the same time with similar time constants since both result from the anisotropy between the parallel and perpendicular mobilities. Once the peak meteor density drops to a small enough value that the background plasma can effectively neutralize E ⊥ , we expect the instability and ridge/trough formation to stop. Further, it seems likely that ridge-trough structures may play a role in the instability physics which leads to nonspecular echoes and may be responsible for the type of signal shown in Fig 1. Meteor induced density disturbances will substantially structure the night-time E-region. By estimating the ridge/trough spatial extent, duration and frequency, we can estimate the fraction of the nighttime E-region which meteors modify. Janches et al. [2003] and Dyrud et al. [2004] assert that at least 10 million meteoroids per second ablate between 95 and 115km planet-wide. If the average meteor produces a ridge/trough system extending 3km parallel to B in each direction and 6km along its length and spans roughly 40m perpendicular to both those directions and persists for 1 minute, then these disturbances will fill 9 × 10 17 m 3 . The total volume of the 20km radius shell of the Earth's nighttime ionosphere is 4 × 10 18 m 3 . Therefore, about 20% of the nighttime ionosphere will be structured by meteors. Using more modest numbers, and reducing the spans along the trail and B by a factor of 4, will reduce our estimates to 2% -still a large effect. The correct number probably lies between these 2% and 20%. To more accurately estimate these numbers, one needs to characterize the meteor population and their plasma density profiles within the atmosphere. Then one could use these numbers in meteor ridge formation models to better estimate the extent and duration.
Conclusions
Meteor electric fields necessarily extend many kilometers from the trail along B and these fields will transport background plasma, creating meteor ridges and troughs. We predict that at high altitudes, the total amount of plasma pulled into the ridges will approach the amount of plasma in the meteors. As the meteor flux increases throughout the night, meteors may entirely structure the nighttime ionosphere. Rocket measurements of nighttime densities do show small-scale structuring but the data is sparse. Further, large-aperture radars may be able to measure these structures directly while specular radar echoes from trails should be affected by the anisotropic diffusion rates discussed above and in Dimant and Oppenheim [2006a, b] . A comparison between pre-dawn and post-dusk rocket and radar data could demonstrate this.
